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PROCRESS IN EXPLOSIVE A0CK PERETRATION
by
G.L. Schott, S. P. Marsh, C. W. Mautz, R. L. Burback, and W. J. Carter

University of Califorr.a, Los Alamos Scientific Laboratory
Los Alamos, WY 87545

ABSTRACT

As part of the Eastern Gas Shales Project. the Los Alamos Scleatific
Laboratory is iavestigating thc applicaticn of 1mproved shaped charges
lined with uranium metal t- the open heice explosive stimulation of zas
im tight, carbenacecus shajena. Abee cround testing methods o7 charges
havine severa! acumgds o LTl tve wePr goveicrse oid uacd v QIldrmaGd
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the extreme vertical extent (102 feet) of the unseparated shale strata,
which allows little knowledge cr preventive control of unproductive up-
ward or downward excursion of the {racture, at the expense of the desired
horizontal prepagation at the depth of the casing perforations.

There are physical effects which detract from the effectiveness of
explosive stimulation, alsc, with greater or lesser degrees of certainty
and severicty. Probablv the most certain attereffect of open hole explosive
stimulation is rubblie blocking the borehole for some considerable depth
upward from TD. Tedious removal of this rubble would be required if the
wvell is to produce or accumulate liguids (either avdrocarbons or water).
The Devonian Shales in =manv localities, however, are inherentiv free of
liquid production, and as recoverv thrcugh the rubble has ofien been
successful. The other primary hazard detracting {rom the success ratio
of explosive stimulation s damage to casing, and conservative stemning
practices ofler the best countermeasure. ke adverse elfcects of explosives
upon wellbore walls are icss well characterizea or veritiable au depth,
but such effec:s are legitinately waer suspicion on the basis of near-surtace
blasting phenomenociogy and tramsient hiche-pressure ctfects of pertfeorator
Jjets upon cores, Compacilion and pulverization and;or glazing occur, so
that favorable crack-extending action by the explesive gases is prevented
tmmediately, cr permeablc access to the formation is lost permanently.

The effectiveness of cither explosive or hvdraulic methods is reduced
in inhomogeneovus and Kerouwenitic formations by the uncertaintices o Jeo-
physical loguing in correce it identifving the zenes having significant 2as
delivery potential within szinulation ranee o1 the wellbore.  Lxpiosaive
uniformly loaded taroucacur the borehole column leaves no zone untreated,
but s unabie to concenirate s elffect in oany sarticular interval or
dirvection. limproved reliaoil:itv in legging and {aterpretacion =etnoes Jor
tight gas resvurces is 2o De oxpected as driliine, sroducticon, nd looxing
experience dvcumulates 4 larler cata base on such tormations. (hus oo
the case of Devonidar snaic, waere we now statisticaliv that ywas-oearins
fnhormogeneitivs fic close vnvuzn te wellbores to be witoin the modest
radial access range of eadivsives, we are motivated te begin now te wa-
vestigate advanced actheds of enhancine or lecally cencentratin. tie
beneficial action of welliore=cupraced explosives, without sacri:.oing
ultimate radial range threusn reduced cuantity ot explosive per it
vertical intervial, socciticalley our anpreacn is geometrical, rataer
through che route ot sailored explosive impulse, which s under investi-
gatien inde~cndentlv. ' We oare developing shaped enarve s rocd waith
uvraniunm netal to achicve JSreatest penetration deptiy inte rec.. daarse
sizes are desivned ror onen-=2ole use and contain upward ot O, 60 W
(2 1b) of explesives., Our investigations to date encempass controdtoed,
above-ground testing methoeds tor these charses, eopirical {nvestigations
of interaction between icts and some natural and svathetioc wranular
mineral tarpets, and computational design methods tor the charpge com-
ponents themselves.



Full-Scale Testing Methods

Although controlled methods of testing shaped charges for casing
perforation have long been escablished,’® these charges have been so
miniturized that they generally contain less than an ouace of RDX or
comparable explosive. Thus the test firings can be completely contained
within reusable apparatus, and the expendable targets employ ordinary
sized core specimens or vthervise manageable assemblies of casing and
cemgnt. Fur the sizes of shaped charge with which we are invoived,
however, past work “*® aioed at exploration of =ining and other exca-
vation applications in geologic materials has been much less well
standardized or refined. "Indoor™ work is quite impractical, and even
the procurement and handling of boulders of sufficient size to survive
the after—effects of jcr peneiration by a shaped charge have not been
uniformly sactisfactory.

In our initial experiment with shapcd charges having face diameters
from 13.8 cn (5.5 incnes) to 133 c¢a (13 inches), the jets were fired
verticallyv dowmyard into 25¢ surface ol o4 sciid rock (lipestone) out-
cropping. The resulting ponetrations were recovered by stablliziag them
wvith poured srout and then overcoring.

Our main developrent 2] testing, though, has been only with the small-
est of these charge sizes, ond with others that will also fit withian a
15 en dian (6 inch) wellbore. For this testing we have empleoved sctacks
of tightly ‘uxtaposca z:rcut bluocks 30 cm (1 1) thick, with steel re-
inforced rerizcters. T ese blocks afford nuch arcater unifor=it -nd
flexibilitv ! usane t:i:n aatural materials, particularly shales, o»f tae
NCCESBATY Silv. The SLacks are readilv disassembled after firing o permit
shscrvation: of the renctration dinensions and the dispesition of jet
aaterial. Sucvessof this tecanicue reats upen ackicvement of flat faces
when pouring the biccas. 5V n<ine different rinéds ! a~ounts of cement
and Incladine dense =1%erai "ende s sact as =agnetite (Yesde) and jorro-
phosphor-i<, we aave indercncent,  adtusted cither tue Jdensity alene or
the combincd censity and ca@dressive =trensts o the 2roul to aspresi=ate
the den<ict and jot -vcaelrabil:te ! evontarn shale. Porosity, per se, has
not been ~.tched, tiae pofosals o Jevonian 2os shale being necarly zero.
owing to tie prescnce of the anterstitial Kesosen within the silicate-clay
satrix.

Fig. 1 =hows an assenabled shased charge cenetrater shot readv for
firing. and Fig. 2 Sbowas tac faoe t!oonce o tiae intericr blocks atter-
ward. e ocrcul oS D ti fThatemasvale ftents oW Poere coasasted ot
Calscal verant, <ilica ~ind, amd ~azactite ~.a0, and had bulk specitic
gravity ¢ .50, It was weak In comparison te sost recss, with compressive
strength o 300 s,



Hemispherical Lined Cavities

The metual-lined cavities of shaped charges used for perforation of
cusing and ir other conventional, metal-penetrating applications are
generally conical in shape, albeit with the apex rounded to some appre-
ciable radius of curvature. The explosive component of the charge is
also of simple cylindrically avmmetric design. It is ignited on the
axis at the rear face and the detonation advi::es along the ocutside of
the cone from the apex to the base, progressively collapsing the wall onto
the axis and ejecting the innermost portion of the liner forward as a
jet. The tip of the jet originates first from near the cone apex and the
jet length increases by addition of material from farther along the liner,
which is compressed to the axis later. It is characteristic of the jets
from these conical chirges that precise dimensional control is needed in
fabricating the liner and assenmbling it into the explosive column, because
asymmetry degrades the straightness of the Jet and thereby its ability to
penatrate.

Our reference shapu for oaking highly penetrating jets Ls a hemi-
spherical metal shell wnich {8 compressed simultaneously by detonation
of exp’osive over its outer surface. This design is axially compact and
thus inherently suited to fitting transversely within = wellbore. In
comparison with conical charge jets. the jet from this hemispnerical con-
figuration is formed suddenly as the entire liner mass converges. A
greater fraction of the metal is included In the j=t, and that material
at low velocity is less prone to remain intact as a slug or "carrot”.

Although the explosive configuration to transfora such a hemispherical
liner shape into a jet is complex, we have uscd this sort of shaped charge
for initial emperical testine of the penetration of rock and syrout, in
order to isolate basic cifects of the liner thickness and charge standoff,
varying the foracr first,

Figure )} summarizcs the results of five tests of penetration of
wveak, densificd grout by l< ca diam hemispherical. uranium-lined shaped
charges at 1.1 charge dianeters standoff, as a function of the liner
thickness. The duplicate polnt with the upward directed arrow at 3.0 mm
thickness represents a test 1a which an entire ten=-block stack was pene-
trated. It (s clear that the optimum liner thickness 1or this charge size
is near 3 mm, and that penetration exceediny V80.L ol this maximum is
achieved over a broad range.

Target Materials Compariscn

Concurrently with the developmental testing of full-scale, non=-
conical shaped charges, we have used commercial perterator charwes and
test methods of corresponding scale to interrelate the penetration
characteristics of carbonaccous shales and our svnthetic and natural rock



simulants to each otker. Coraes of shale or other rocks are cemented
into closely fitting steel sleeves which are capped by externally bolted
12.7 mn (0.5 inch) steel plates. Specimen diameters of 9 to 10 cm have
been used whenever the available cores permitted it, with 6.3 mm (0.25
inch) thick sleeve walls, which did not permanently deform in the tests.
Although this size and mode of encasement ofthe cores were similar to
those embodied (for Berea sandstone) in API RP-43, Section 2 ', our
purpose was to compare target materials with a fixed shaped charge,
rather than to test different perforator charges or the flow character-
istics of fluids through the perforations. Accordingly, we conducted
our tests dry (as in APl RP-41, Section 1), and with the shaped charge
fired in air and separated from the target rock or grout by a 24.5 mm
(1.0 inch) diam drilled hole in the steel face plate. After firing

and removal of the end plates, the sleeve was readily sli: diametrically
and the perforated specimen split open for examinacion of it: geometry,
state of compaction and other trauma, presence and condition of jet
debris, etc. Fig. 4 shows such penetration in two specimens of Devonian
shale, both oriented perpendicular to the natural bedding, as determined
by the available cores. :

Table 1 summarizes our comparative penetration data obtained by
this method, using YWelex D.P. HT-1 charges, in several specimen types
involved in this study. 3Several results are indicated:

(1) Among the rocks and the stronger grout, the penetration depths
are within the range 160 ¢ 35 mm.

(2) The limestone representative of the outcrop site used in our
initial full-scale text is the least penetrable of these targets.

(3) The weak magnetite prout used as the target for optimizing
uranium liner thickness (Fig. 3) is more than twice as penetrable
as the shales.

(4) The dense, high strongth grout is a satisfactory target material
for simulating the penctration benavior of shale.

Expericnce accumulated with several Lizes and designs of conical
casing perforator shaped charzes, mostly in the AP1 RP-43, Scction 2
test retup, or in simulations thereof tor deep, high=strength or high-
stress situations, °°7 provides a basis for 1ssessment of our penetra-
bility vesults. The primary paramcter with which penetrability of Berea
sandstone and both stronger and weaker limestones has been corre’ited is
their brictle compressive vield strensth 1. Our weak, magnetite grout
evidently cxtends the expericnce to even weaker materlal than the out-
crop Au..tin limestonc (cl_l.nlk).9 Although the surficiency of the semi-
logarithmic correlation " may be open to question when extended to much
higher strengths such as we are expericncing in our very low-porosity



shalc and limestone specimens, the utility of the prior data base lies
in the fact that for each target material included ¢ the same ratios

of penetrations have generally been achieved among a given vange of per-
forator charges. We may utilize this emperical systematization, and our
data from Table I, Fig. 3, and our fuil-scale hemispherical charge test
with 1.5 mm liner thickness to estimate the penetration depth tn be ex-
pected into Devonian shale with such a charge. This computation is
traced in Table II. Constancy of the ratio of penetrations by the two
charges is seen to be * 1575 from the mean for two materials whose
penetrabilities are more than a factor of 3 apart, and bracket that of
gas bearing shales.

Advanced Cavity Design

To fulfill cthe need for a high-performance jet to attack difficultly
penetrable, tight formations, we are developing an advanced uranium-lined
shaped charge design for open-hole use. 1his design has the same + rt of
simple jacketed explosive shape as is used with a conical liner. However,
the liner is smoothly curved in a comparatively shallow cavity. It is
r~ickest on the charge axis and tapered toward the rim, so that the
ad\ wncing detonation front accelerates prcgressively thinner metal to
prog.essively higher velocities. The result is similar to that achieved
by the hemisperical charge described in an earlier section. There is
aearly simultaneous convergence oif the liner onto the axis, and rapid
formation of a jet containing a large fraction of the liner mass, leaving
little possi.ility of formation of a slug. Zven greater latitude in di-
mensional tolerances are admissible than with the hemispherical system.

Whereas the shape of a conical liner is basically specified (but for
the rourded apical region) by the cone angle and wall thickness, and the
hemispherical svsten likewise bv the racdius and thickness, the tapered
liner for forming a jet is rot simply paramcterized. Ner is its motion
to be analvzed mathematicasiv i closed form. iioh soeed, high storajge
computer treatment of the two dimensional hvdrodvnamics of the explosive
and metal system is used to select und optimize liner contours for
fabrication and testing.

Computations werc made for four taperced uranium liner shapes for a
charge having 10,0 cm external diameter and 10 ¢m length, such as to {it
within a 15 cm (6 inch) diam hole. The liner contour calcuiated to
deliver the jet in this svstem was sciccied on considerations of jet mo-
mentum and stability, and prospects ‘or ~pevition at small standotr., It
is8 characterized at the rim by an inner rodius or 40 mm and thickness of
1.35% mm, an angle of inrersection between the inner surtface and tne face
p dane of F9°, and atr the 2pex by an inner radius of 44 mm and thickness of
2.67 mm. Its total rass of uraniwa is 135 o, and st completion of the
caleulated jet {ormation dvnamics, 39 us atfter firinue, 135 g is directed
along the axis at velocities bdetween 1.0 and 5.9 wkm/s.



Fig. 5 shows the (ontours of the liner, explosive, and steel outer
jacket, together with computed contours of the deformed liner at times
of 1tg flight just before peak convergence and acceleration, and just
after relaxation of the peak pressures and attainment of the ultimate
axial velociiy distribution. These contours, in proper spatial separ-
ation, are circumscribed by a hypothetical 15 cm (6 inch) diam wellbore.
Subsequent elongation of the jet, in air and hopefully in rock, will
occur as a kinematric consequence of the range of velocities imparted to
the jet material within the motion pictured.

Remaining Froblem Areas

Velocity Threshold for Penetration

The finding that Devonian shale and indeed many other brittle rocks
have such a combination of dynamic compressive strength and lack of
porosity as to be among the less penetrable of gas-bearing rocks is not
adequately understood in relation to the penetration of compartively
ductile metal targets by shaped chavge jets. It is widely accepted that
the penetration of metals is described by simplistic hydrodynamic prin-
ciples, wnereby penetration depth, P, is proportionai to jet length, %,
and the square root of the ratfo of density of jet to target metals.

The adequacy of this theorv is predicated upon the verified existence of a
threshold velocity for penetration of each target metal, or combination
of target and jet, such that jet length,L, is reckoned by :xcluding
material having velocity below the thresheld. For a copper jet penetrat-
ing steel, the threshoeld of 2.0 km/s is quite m:aningful. The next
important question {or our experimental investigation of the low penetra-
bility exhibited bv rock is the presence and magnitude of a threshold
velocity. The techniques and devices rcported above now enable us tc
nroceed to investigate tiis matter productively.

Standoff

Another factor known to influence the penetration of metals by
shaped-charge jets is the separation between the races of the charge and
target, or standorf{. In wellbore applications, standoff of more than a
few cm would call for special emplicement measusces such as underreaming.
The influence of standeff upen the performance of jets, particularly
those of uranium metal, in penetrating rock remains to be established,
and the status of our investigations now permits this to be done
effectively for our designs.

Mechanics of Rock Penetration

Prior studies of thc penetration of rock®»", mostlv by jets of
copper and iron, have indicated the operation of scveral mechanisms
associated with production of the hole into tie rocs. These include:
(1) primarily lateral displacement and rearrangement of the matrix of
porous rocks, so as to reduce the porosity and accomodate the macro-



acopically displaced materia close tu the hole without introducing
significant residual stresses (2) ejection of excess material in an
annular countercurrent surrounding the central jet; and (3) embrittle-
aent and introduction of strain energy into the deformed rock, which is
later relieved spontaneously by crumbling in hard, nonporous rocks in

the regions of a cone-shaped entrance crater and along the unstable walls
of the hole. The latter two effects are more extreme. These mechanisms
Telate Lo the state of the rock-hole interface after the penetration,

and indeed to the flow capacity between the penetration and a surrounding
homogeneous formation. However, the intended application of jets in
tight formations is dependent upon intersecting of secondary natural or
su.sequently induced fracture channels, so the direct, localized effects
upon the rock matrix will be bypassed. What remains to be understood is
tha relation between the alteration mechanisms manifested in the remain-
ing rock and the dynamic resistance to penetration.

We expect to make progress in computationally modeling the dvnamics
of rock penetration by jets, but the realism of tho models will be
subject to verification by the observable geometry of the holes and
microstructural alteration of the adjacent ro-k.
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FIGURE CAPTIONS

1 Grout blocks and shaped charge assemblies for test of jet

penetration.

2 cm diam hole made in entry face of eighth block, 2.13 m
(7.00 ft) into stack shown in Fig. 1lg by 14 cm diam homis-
pherical charge with 3.0 mm thick uranium liner. Total
penetration was 2.75 m (9.02 ft).

Dependence of grout penetration upon uranium liner thickness
for 14 cm diam (5 1/2 in diam) hemispherical shaped charges.
First experiment with 3.0 mm (0.119 inch) liner, shown with
upward arrow, penetrated 3.05 m (10 ft) stack completely.
Solid point represents test in Figure 1.

Penetrations into - *rbonaceous Devonian shale cores by 32 mm
(1.26 inch) diam commercial perforator charge (copper-lined
cone, for 3 1/8 inch gun, API RP-43, Sect II Berea Penetration.)

Section of 10 em (4 inch) "square" shaped charge design having

tapered uranium liner. Initial configuration of steel-jacketed
HMX explosive is shown centered in 15 cm (6 inch) circle, with

computed liner contours before firing and during jet formation

at 20 us and 30 us after firing.
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TABLE I:  JET PENETRATION OF DRY TARGET MATERIALS
BY 32 MM DIAM PERFORATOR CHARGE

p Yo
Material Penetration Depth
g/cm? MPa(ksi) mm
Appalachian Devonian Ya
Shale A 2.55 57 (8.3) |]! 140
Shale B 2.65 $109(15.8) | ! 150
y
Antrim Shale’ 2.37 165
Limestone 2,72 125
(Nevada Test Site)
Fe306/Cement Grout 2.50 3.4 (0.5) 356
FeP/Portland Grout 3.62 60 (8.8) 195

%ean data from Ref. 10 for sane brown shale interval of core from
offset well in 'incoln CO, WV (Columbia Gas Transmission Co. #'s 20402
and 20403); and Il and | denote parallel and perpendicular orientations,
respectively, 1f bedding planes to compression axis of samples.

bCote specimens furnished by Dow Chemical Co., Midland, MI.

TABLE II: PENETRATION DEPTHS OF SHAPED CHARGES INTO TARGET MATERIAL

Charge Limestone Weak Grout Devonian Shale

32 mm diam cone 125 mm 356 mm 150 + 10 mm
(standoff/diam=0.4)

138 mm diam Hemisphere 685 mm 2540 mm 945 * 150 mm
(1.5 mm liner)
(1.1 standoff/diam 1.5)

Ratio of Penetrations 5.5 7.1 6.3

i+
—



